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ABSTRACT
The mid-infrared (MIR) region above 3 microns is of great interest for spectroscopic applications. Because it is
difficult to produce modelocked laser sources that emit natively in this region, difference frequency generation
(DFG) is a popular method to produce mid-IR output using more traditional laser oscillators. Previous examples
include fiber based DFG sources and OPOs, which are typically limited to repetition rates on the order of tens to
hundreds of MHz. VECSELs allow access to higher repetition rates, while the use of highly nonlinear waveguides
enables the requisite spectral broadening despite the lower pulse energy.
In this work we present a VECSEL-based frequency comb that uses DFG to produce output in the 3-4
micron range. This system is based on a modelocked VECSEL emitting at a 1030 nm wavelength with a 1.6
GHz repetition rate. A Yb fiber amplification system is used to increase the power to over 10W and compress
the pulses to sub-90 fs. Coherent spectral broadening out to 1560 nm is achieved with a nonlinear waveguide.
By combining the 1030 nm and 1560 nm beams in a PPLN DFG crystal, 290 mW of mid IR output between
3.0 and 3.5 microns is produced. Since the DFG light is produced by two wavelengths from the same oscillator,
the carrier envelope offset frequency is cancelled, producing an offset free comb requiring stabilization of only
a single degree of freedom. We characterize this VECSEL based frequency comb and discuss the advantages it
provides for spectroscopic applications.
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1. INTRODUCTION
The MIR (2-20 µm) contains the so-called ”fingerprint region” where many molecules possess strong absorption
features. This wavelength range has many important applications for spectroscopy and sensing, such as the
detection of airborne pollutants and and industrial gasses, as well as detection of biological and chemical weapons.
Optical frequency combs provide high resolution spectroscopy capabilities, but there are a limited number of such
sources in the MIR region, such as quantum cascade lasers (QCLs),1 optical parametric oscillators (OPOs),2 and
sources based on supercontinuum generation3 or difference frequency generation (DFG).4 QCLs are currently
somewhat limited in wavelength coverage and power, while OPOs can produce broadly tunable output with
powers of over 1W.5 However, they rely on complex cavities that must be actively locked. Supercontinuum
generation can produce very broad spectra spanning from the near-IR (NIR) to the MIR, but the extreme
broadening spreads the power out over a large wavelength range, which is not always desired. DFG based comb
sources can access a large range of wavelengths and rely on more mature NIR modelocked laser sources. DFG
sources that utilize coherent pump and signal beams from the same oscillator will additionally have a carrier
envelope offset frequency (fceo) that is fixed at zero, so that only the repetition rate (frep) needs to be stabilized
in order to fully stabilize the resulting optical comb.6 However, this requires a sufficiently broad and coherent
spectrum in the NIR to reach the desired MIR frequency. This can be achieved either through intra-pulse dfg
from very short pulses,7 or from nonlinear broadening and subsequent difference frequency generation. Most of
the DFG combs demonstrated thus far were based on modelocked fiber8 and solid state lasers, which typically
have repetition rates (and therefore comb line spacing) on the order of a few hundred MHz and have been used
successfuly in dual comb configurations for spectroscopy.9
Modelocked vertical external cavity surface emitting lasers (VECSELs) can readily produce frequency combs
in the NIR and offer good wavelength tunability and the potential for electrical pumping. While fiber and solid
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state lasers often suffer from Q switching instabilities at higher repetition rates,10,11 VECSELs have demon-
strated repetition rates as high as 100 GHz12 and pulse durations below 100 fs13,14 with stable, fundamental
modelocking. Frequency combs with repetition rates from 1-3 GHz are of special interest for spectroscopy appli-
cations, especially for complex molecules with large (>10 GHz) linewidths absorbing in the MIR. These higher
repetition rates give a higher power per comb line for a given average power, more easily resolved comb lines15
and higher acquisition rates for dual comb spectroscopy while still providing sufficient resolution to detect the
molecules of interest. However, most femtosecond laser oscillators produce pulses with at most tens of nm of
spectral bandwidth, which is insufficient to reach the MIR region through difference frequency generation. As
a result, a nonlinear medium must be used to externally spectrally broaden the output to the hundreds of nm
of wavelength span necessary. For MHz repetition rate sources this is typically achieved with highly nonlinear
fibers,16 but for repetition rates above 1 GHz and lower pulse energies these media are often not sufficient to
produce the desired broadening. Chip based nonlinear waveguides provide higher nonlinearity, broad trans-
parency, and can be designed for a desired dispersion and output spectrum, making them ideal for the coherent
broadening that high repetition rate DFG combs require.17 By utilizing a modelocked VECSEL oscillator and
additional fiber amplification along with a Si3N4 (silicon nitride, or SiN) waveguide, we have developed a MIR
frequency comb based on DFG with coherent output spanning from 3-3.5 µm and a 1.61 GHz repetition rate.
DFG is achieved using MgO doped periodically poled lithium niobate. which is readily available and relatively
efficient at wavelengths below 5 µm. For longer wavelength DFG, orientation-patterned gallium phosphide is
often used.7
2. EXPERIMENTAL SETUP
The system is based on a passively modelocked VECSEL with an emission wavelength of 1030 nm. The overall
system layout is shown in figure 1. The VECSEL is configured in a v-cavity geometry, with a flat semiconductor
saturable absorber mirror (SESAM) and 0.6% output coupling mirror with 10 cm radius of curvature forming
the end mirrors. The cavity also contains an additional highly reflective folding mirror between the output
coupler and gain chip. This mirror is mounted to a piezoelectric transducer (PZT) to allow for cavity length
control and active repetition rate stabilization. The gain structure used in this laser consists of a hybrid metal-
semiconductor distributed Bragg reflector and an active region made up of 12 non uniformly arranged quantum
wells for gain under 4 antinodes of the electric field. The composition and design of the gain and SESAM chips
have been described previously and has been used to produce sub 100 fs pulses.14 The chip was coated with
a Ta2O5/SiO2 bilayer antireflective coating to obtain a near zero dispersion at the lasing wavelength. The
VECSEL oscillator was designed for stable fundamental modelocking operation at 1.61 GHz and was placed in a
rigid acrylic enclosure to isolate it from external noise sources and maximize free-running frequency stability. The
VECSEL produces pulses approximately 1 ps in duration with 130 mW of average power. The lasing spectrum
and RF spectrum of the VECSEL is shown in figure 2, along with the spectrum at 1560 nm after the nonlinear
broadening and amplification described in the following section.
In order to increase average power and decrease pulse duration, a Yb amplifier was used along with two
grating pairs for pulse compression, as shown in 1. The first Yb amplifier stage is a preamplifier consisting of
2.5 m of double-clad polarization maintaining Yb doped fiber (Nufern PLMA-YDF-10/125) pumped by a 915 nm
fiber coupled diode laser. The preamplifier increases the average power to 300 mW and is used to ensure that
the second amplifier stage is adequately seeded to minimize amplified spontaneous emission and instabilities.
After the preamplifier stage is a pair of transmission gratings in a double pass configuration for optimization of
the chirp of the pulse launched into the second stage of the Yb amplifier. This stage consists of a 7 m length
of the same gain fiber pumped by a pair of 915 nm fiber coupled diode lasers. The pulse undergoes nonlinear
broadening inside the high power amplifier stage, resulting in the spectrum shown in figure 2. A second pair of
gratings compresses the pulse to 87 fs in duration at an average power of over 11 W. The amplifier system was
designed to manage dispersion such that the pulses can be cleanly compressed after broadening as described in
previous work.18–20
After amplification and compression, the 1030 nm beam is split into two arms. One beam consists of 1W
of power that is coupled into a SiN waveguide for nonlinear broadening. Coupling is achieved with a .65 NA
fused silica objective lens. The SiN waveguide is similar to that described in ref21 and is 900 nm in width
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Figure 1. Experimental setup. Output of 1030 nm VECSEL oscillator is amplified with a two stage Yb amplifier that
features a pre-chirp grating after the first stage and pulse compression gratings after the second stage. One beam is
coupled into a SiN waveguide and is broadened to 1560 nm where it is further amplified. 6W of 1030 nm light and
600 mW of 1560 nm light are focused into a MgO:PPLN crystal to generate output from 3.0-3.5 µm. A delay stage is
used to spatially overlap the two pulses (not shown).
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Figure 2. (a) Spectrum directly from modelocked VECSEL. (b) Spectrum after nonlinear amplification and broadening in
Yb doped fiber amplifier. The amplified spectrum acts as the pump for the DFG process. (c) Spectrum after broadening
to 1560 nm in SiN waveguide and amplification with Er amplifier. This spectrum acts as the signal for the DFG process
that produces the MIR idler output.
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and 700 nm in height, with a total length of 20 mm. Both ends of the waveguide feature inverse tapers to
optimize coupling efficiency. This produces a spectrum that spans from 600 nm to beyond 1700 nm, with a long
wavelength peak extending to 1570 nm. Approximately 3 mW of optical power is produced from 1530-1570 nm.
The supercontinuum spectrum exhibits this long wavelength peak at powers on the order of a few hundred
mW, as shown in figure 3. A higher power of 1 W was used to maximize the output around 1530-1570 nm
without damaging the waveguide or reducing coherence. In order to increase the power in this wavelength range
further, the output of the waveguide was coupled into a two stage amplifier designed for this wavelength band
after first being collimated with a .68 NA aspheric lens. This amplifier consists of a 1.5 m length of single
mode Er doped gain fiber (non polarization maintaining) followed by a linear polarizer and 2 m of double clad
polarization maintaining Er/Yb co-doped gain fiber (Nufern PM-EYDF-12/130-HE). Spectral filtering of the
input was achieved by exploiting the chromatic aberration of the asphere such that only the portion of the
beam around 1560 nm was collimated and filtering the unwanted wavelengths with apertures. A fiber isolator
was spliced to the input of the first amplifier stage to prevent back-reflections from the waveguide output facet
from coupling back into the amplifier. A length of dispersion compensating fiber (DCF-38, -38 ps/nm*km)
was spliced between the two stages to compress the pulse after the second amplifier stage to approximately
200 fs. The optical power after the second amplifier stage is 600 mW under typical operating conditions. The
amplifier output was collimated before a delay stage to overlap the 1560 nm and 1030 nm pulses in space, and
the collimating lens was chosen to optimize mode matching between the two beams. A half wave plate was used
to match the polarization of the long wavelength beam to that of the 1030 nm beam.
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Figure 3. Supercontinuum generated in SiN waveguide with different power levels of 1030 nm light incident on the coupling
lens. The spectrum extends past 1600 nm even at power levels below 250 mW with 87 fs pulses at 1030 nm.
The 1560 nm beam is combined with approximately 6 W of 1030 nm light from the Yb amplifier using a
dichroic beamsplitter and focused into a 10 mm MgO doped periodically poled lithium niobate (PPLN) crystal
(Covesion MDFG3-1.0-10, grating period 29.98 µm) designed for difference frequency generation around 3 µm.
A 5 mm length crystal was also used with similar results, which suggests that the walkoff due to the differing
group velocities of the two pulses occurs in <5 mm. A 100 mm focal lens AR coated for both wavelengths was
used for focusing, and a 100 mm focal length CaF2 lens AR coated for 3 µm wavelength was used to collimate
the output. The PPLN crystal was heated to a temperature of 117◦C for phase matching. After the collimating
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lens an AR coated germanium window was used to separate the pump and signal beams from the MIR idler,
with the former two being reflected and the latter being transmitted through the window.
3. RESULTS
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Figure 4. (a) Spectrum of MIR DFG idler output centered at 3.3 µm. (b) Beat note between doubled MIR comb and
1560 nm single frequency laser with a 20 dB SNR. This demonstrates that coherence is preserved in the MIR comb. The
frep is also visible at 1.61 GHz.
In order to verify that coherence was not lost in the spectral broadening in the SiN waveguide or subsequent
amplification, a heterodyne beat note measurement was performed between the 1560 nm output of the amplifier
and a single frequency DFB laser operating at 1560.4 nm (Redfern Integrated Optics). Beat note detection
was achieved in free space with an InGaAs photodiode with 1.5 GHz of bandwidth. A beat note was detected
with >25 dB of SNR, demonstrating that coherence had not been lost while extending the comb from 1030 nm
to 1560 nm. At input powers above 1 W to the SiN waveguide, the SNR of this beatnote was observed to
decrease, possibly indicating a reduction of coherence in the resulting 1560 nm portion of the comb. Because of
this, the input power of 1 W was chosen to balance the need for enough 1560nm power to adequately seed the
amplifiers, and the resulting coherence of the broadened comb. MIR output was detected from approximately
3.0-3.5 µm as shown in figure 4 measured with a Fourier transform infrared spectrometer. Maximum power was
measured to be 290 mW using a thermal power meter calibrated for the MIR. Performing the same heterodyne
beat measurement with the MIR comb was more difficult because of the difficulty of obtaining a single frequency
laser operating in the 3.0-3.5 µm wavelength region. Instead, a second MgO:PPLN crystal was used to frequency
double a portion of the MIR comb from 3120 nm to 1560 nm to perform a beat note measurement with the same
CW laser as before. In both cases a grating and slits were used to filter out unwanted portions of the spectrum
to reduce the noise floor of the beatnote. The detected beat note between the doubled MIR comb and CW laser
is shown in 4 with a 20 dB SNR, demonstrating coherence of the final MIR comb.
SUMMARY
We developed a frequency comb in the mid-infrared with output from 3.0-3.5 µm with 290 mW of average power
and a repetition rate of 1.61 GHz based on a passively modelocked VECSEL oscillator. The wavelength and
repetition rate of this comb source make it uniquely suited to molecular spectroscopy applications. Furthermore,
the difference frequency generation that produces the comb ensures that the carrier envelope offset frequency is
zero without any active stabilization. This allows for a full comb stabilization by simply locking the repetition
rate of the laser.
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